In three groups of subjects, those with type 2 diabetes and nephropathy, those with type 1 diabetes without nephropathy, and healthy volunteers subjected to shortterm hyperglycemia, we observed a counterintuitive relationship. In all three groups, baseline renal plasma flow (RPF) was positively correlated with the RPF response t o blocking the renin-angiotensin system (RAS). This seems paradoxical in that an opposite result would have been expected if angiotensin-dependent renal vasoconstriction was responsible for the renal vasodilator response to RAS blockade. This suggests a link between the renal vasodilator response, mediated by nitric oxide (NO), and the activation of the intrarenal RAS. The complex interrelationships between hyperglycemia, insulin, NO, and the RAS may result in phenotypes that indicate varying risk of diabetic nephropathy and underlying genetic polymorphism~. Diabetes 51: [2025][2026][2027][2028] 2002 ome years ago, we reported an observation that we now know was misinterpreted (1). Somewhat to our surprise, we found that baseline renal plasma flow (RPF) and glomerular filtration rate were highly and positively correlated with the rend hemodynamic response to blocking the renin-angiotensin system (RAS) with irbesartan in patients with type 2 diabetes and nephropathy (Fig. 1) . The relationship was counterintuitive in that an opposite relationship would have been anticipated if angiotensin-dependent renal vasoconstriction was responsible for the renal vasodilator response to the angiotensin antagonist. According to this simple model, increased angiotensin-dependent renal vasoconstriction would both lower baseline RPF and enhance the From the
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More recently, we identified a similar relationship in patients with type 1 diabetes who received both an angiotensin I1 antagonist, candesartan, and an ACE inhibitor, captopril, as part of a protocol designed to ascertain whether renal vascular response to ACE inhibition primarily reflected a reduction in angiotensin I1 formation, which it did (2) . Based on the response to captopril, we divided the patients into a normal response group, in which the renal vasodilator response to captopril was equal to that in the normal subjects, and an accentuated response group, in which the renal vasodilator response to captopril and candesartan was enhanced (Fig. 2 ).
To our surprise, the only feature that distinguished the two groups was baseline RPF. RPF, once again, was elevated in those patients with enhanced renal vasodilator response to the two blockers. Unlike the study in type 2 diabetes that involved only patients with nephropathy, the patients with type 1 diabetes were free of nephropathy. Thus, it was difficult to attribute the influence of baseline renal hemodynamic state to the stage of the process, a s we had previously done. With baseline RPF as the independent variable, the relationship between baseline renal perfusion and the response to blockers in the patients with type 1 diabetes who were free of nephropathy was in striking accord to that found in the patients with type 2 diabetes and nephropathy (Fig. 3) .
Even more compelling information on the relationships has emerged from studies on the influence of hyperglycemia on renal hemodynamics in normal humans. We reported that short-term hyperglycernia in healthy subjects leads, within a few hours, to both renal vasodilatation and an enhanced renal vasodilator response to captopril ( cernia. Prompted by observations in type 1 diabetic patients, we returned to the studies on the renal response to glucose infusion in normal volunteers and found that the same relationships existed. Baseline renal perfusion at the end of glucose infusion was a major determinant of the renal vasodilator response to captopril (Fig. 4) . In ths case, clearly, there is no issue of stage of process.
The identification of an essentially identical, counterintuitive relationship under three circumstances-the patient with type 2 diabetes and nephropathy, the patient with type 1 diabetes free of nephropathy, and healthy volunteers under the influence of short-term hyperglycernia-suggests that the vasodilator response and activation of the intrarenal RAS, which led to the enhanced renal vasodilator response to blockers, are linked. The remainder of this speculative report focuses on the answer to these questions. What is known about nlechanisms re- There are a few endogenous vasodilators that engage the Mdney, including nitric oxide (NO), prostaglandins, and bradykinin. Among these, the NO synthase pathway is especially attractive as a candidate, given growing evidence for an interaction between the NO synthase and the RAS (4-23). These interactions include a role for NO in the activation of the intrarenal RAS (4) (5) (6) (7) (8) (9) (10) (11) (12) . Moreover, there is unambiguous evidence that plasma insulin concentration is a determinant of vascular NO synthase activation, an obvious relevant factor in studies involving either diabetes or the normal human renal response to glucose infusion (24) (25) (26) . Effects of insulin and glucose on NO. Insulin has long been recognized to have vasodilator properties. More recently, studies have provided evidence for insulin-dependent activation of the NO synthase pathway (24) (25) (26) insulin, for example, caused an increase in cGMP that was blocked by an NO synthase inhibitor. Incubation with insulin also increased NO levels, as measured by L-(3H)-citrulline production from L-(3H)-arginine (24) . The effect of glucose per se on these pathways is even more complex. In studies performed in vitro, free of the complicating effects of a reactive insulin response, the high glucose concentration led to increased endothelial NO synthase (eNOS) messenger RNA and protein expression (27) . That effect of an increase in glucose concentration in this system, however, seems insufficient in vivo to counteract the concomitant increased production of superoxide anion, which reacts rapidly with NO to produce toxic products and reduce the effect or concentrations of NO. Thus, despite increased NO synthesis, there is impaired vascular smooth muscle relaxation. Activation of the RAS and NO system by hyperglycemia. There is ample evidence that hyperglycemia can induce both RAS and NO activation. The former can be manifested in two ways. Hyperglycemia can increase plasma renin activity (PRA) in 8-12 h, as demonstrated in type 1 diabetic patients (28) . Another manifestation of hyperglycemia-mediated RAS activation is an enhanced RPF response to ACE inhibition or angiotensin I1 blockade. In norrt~al individuals, the RPF responses to captopril and eprosartan were significantly greater during hyperglycemia than during euglycemia in spite of similar baseline PRA levels under both conditions, suggesting activation of the intrarenal RAS not reflected in plasma levels (3). In both type 1 and type 2 diabetic patients, the RPF response to either ACE inhibition or angiotensin I1 blockade was larger than the RPF response in normal subjects, possibly reflecting glucose-induced RAS activation (1, 2, 29, 30) .
Hyperglycemia and the associated rise in insulin levels can activate the NO system. In several studies, the increase in limb perfusion caused by glucose was reversed by fl-monomethyl-L-arginine (L-NMMA), an L-arginine analog that competitively inhibits NO synthesis (31, 32) . During euglycemic-hyperglycemic clamp, brachial artery blood flow increased in healthy volunteers, but blood flow remained unchanged when L-NMMA was given before the insulin-glucose infusion (31) . In another study of healthy volunteers, a greater decline in leg blood flow in response to intrafemoral artery infusion of L-NMMA was seen during a euglycemic-hyperinsulinemic clamp than during infusion of normal saline (32) . Activation of the RAS by NO. Numerous studies support the notion that NO activates the RAS. In the isolated rat kidney, for example, fl-nitro-L-arginine methyl ester (L-NAME), another NO synthesis inhibitor, inhibited renin release independent of a rise in perfusion pressure (4). In ramipril-or losartan-treated rats, L-NAME abolished the increase in renal renin mRNA, total renin content, renin secretion, or PFL4 brought about by the ACE inhibitor or the angiotensin I1 antagonist (5,6). L-NAME was also found to block the rise in renin in rats treated with furosemide or with the adenyl cyclase activator forskolin (7, 8) . In rats and dogs and isolated mouse renal j w t a lomerular cells, NO synthesis inhibition by L-NAME or d-nitro-L-arginine attenuated the renin release or renin mRNA induced by lowering renal artery pressure (9-12).
Caveats. There are other relationships that may modify the pathways described above, such as glucose impairing NO-mediated vasodilation. As such, it would seem to have two mechanisms for promoting vasoconstriction, RAS activation, and NO pathway disruption. Hyperglycemia can disrupt NO-mediated relaxation, whereby NO is inactivated by superoxide anion or free radicals in the presence of high glucose levels or by a direct NO-scavenging effect of glucose (27, 3336) . Despite this interaction, baseline renal vasodilation is common in diabetes. It is possible that the net balance of these forces is dominated by the attenuating action of NO on the renal hernodynamic effects of angiotensin 11. Blockers of NO action enhance the renal vasoconstricting action of angiotensin I1 (13) (14) (15) .
To further complicate these relationships, angiotensin I1 increases NO levels, which can in turn mitigate its vasoconstrictive tone. Both AT, and AT, receptors seem to be involved (16) (17) (18) (19) , and the degree of NO response to angiotensin I1 may depend on the kidney site (20) , the NOS isoform involved (18, 21) , and the duration of angiotensin I1 stimulation (22, 23) .
The influence of time would have to be considered. In animal models and in vitro studies, exposure to high glucose levels for a few minutes to 72 h resulted in blunting of NO action (34) (35) (36) . More prolonged exposure to hyperglycemia (5 days) resulted in increased eNOS gene and protein expression and NO release, but still with a concomitant rise in superoxide anion (27) . It is therefore difficult to make conclusions regarding time course. Even with the seeming predominance of NO inhibition during acute exposure to hyperglycemia, this could not be easily translated to human physiology because of the disparate levels of glycemia achieved. Glucose levels attained in these in vitro and animal experiments were from 22 to 44 mmol/l, more than twice the blood glucose levels maintained in the human studies (1) (2) (3) 27, (34) (35) (36) . This marked difference in glycemia may again affect what force predominates-vasoconstriction in the markedly hyperglycemic animals and tissue cultures or vasodilation in the mildly hyperglycemic humans.
Could it then be the baseline glycemic level that dictates the RBF response? In our aforementioned study on type 1 diabetic patients, neither HbA,, nor fasting blood glucose levels were correlated with the change in RBF (2) . On the other hand, in another study of type 1 diabetes, renal hemodynamic response was greater in those with higher HbA,, levels; however, HbA,, was also positively correlated with baseline RBF (37) . It is therefore difficult to ascribe the findings to glycemia xlthout exploring this aspect further. Interaction with gene polymorphisms. It is reasonable to speculate on the genetic interplay that underlie these relationships. The D-allele of the ACE polymorphism and the T-allele of the AGT gene M235T polymorphism confer an increased risk of diabetic nephropathy (38) (39) (40) (41) (42) . The A14 allele in the NOS2 gene promoter is associated with a low risk of nephropathy (43) . It is possible that a combination of the different ACE, AGT, and NOS alleles dictate the baseline renal hemodynamics, the response to RAS blockade in diabetic patients, and the risk of nephropathy.
CONCLUSIONS
In an era where most scientific endeavors gravitate toward the molecular end of the spectrum, it is essential to DIABETES, VOL. 51, JULY 2002 recognize the contribution of physiologic observations to the discovery of new mechanistic and genetic pathways. The observation of a paradoxically large renal hemodynamic response to RAS blockade in subjects with high baseline RPF has led to this report. It is possible that baseline RPF and RPF response to RAS blockade is a phenotype not only for risk of nephropathy but also for some underlying gene polyrnorphisms. These relationships are amenable to direct investigation.
